This paper reports on the permeability of alumina membranes with pore diameters of a few nanometers for pure liquids. It appears that the volume flux corrected for viscosity differences depends on the type of permeant. It decreases in the order water, hexane, ethanol, s-butanol. The hydraulic resistance (defined as the reciprocal permeability) of supported membranes can be taken as the sum of the hydraulic resistance of the membrane and that of the support.
This paper reports on the permeability of alumina membranes with pore diameters of a few nanometers for pure liquids. It appears that the volume flux corrected for viscosity differences depends on the type of permeant. It decreases in the order water, hexane, ethanol, s-butanol. The hydraulic resistance (defined as the reciprocal permeability) of supported membranes can be taken as the sum of the hydraulic resistance of the membrane and that of the support.
This implies that the membrane material does not penetrate the pores of the support significantly.
The Kozeny-Carman constant for alumina membranes calcined at 800°C amounts to 13.3 i 2. This value is much higher than the commonly found value of 5. This can be explained by taking into account the plate shape of the crystallites forming the membrane, resulting in a microstructure with a high value for the tortuosity.
Introduction
In this series of papers the formation, structure and separation characteristics of an entirely new class of ceramic membranes is described. The membranes are formed by a dipping procedure [ 11. According to this method one side of a dry microporous ceramic support is brought into contact with a boehmite (r-AlOOH) sol. Then the dispersion medium is sucked into the support, while the boehmite particles are concentrated at the support surface. As a result the sol concentration increases locally and at a certain concentration, the sol is transformed into a gel. This boehmite gel layer formed during dipping is subsequently dried and calcined at temperatures at or above 400°C. During calcination the hydroxide is transformed into y-Al* 03, and the individual crystallites react with each other forming solidstate bridges, which give the membrane mechanical stability.
The structure of the dried gel layer and that of the calcined membrane were discussed previously [2] . It was concluded that the boehmite crystallites are plate-shaped. In the dried gel layer the crystallites are stacked in a 0376-7388/85/$03.30 0 1985 Elsevier Science Publishers B.V.
card-pack structure, in which the large planes of the plates are oriented parallel to the membrane surface. This results in slit-shaped pores. During calcination at 400°C this structure remains roughly unchanged. The pore size distribution curve of the membranes is very narrow and pores somewhat larger than the modal pore size are absent. The modal pore size increases from 2.7 nm slit width at 4OO"C, to 80 nm (in this case assuming cylindrically shaped pores) at 1000°C. This paper reports on the permeability of the alumina membranes for pure liquids. These permeability data give further information about the membrane structure. Moreover, conclusions can be drawn about the occurrence and effects of pinholes and about the mechanical stability of these membranes. This is of importance for the application of the alumina membranes in separation processes. The results of some separation experiments in liquid media are reported in the subsequent paper [ 31.
Theory
In this section a very short treatment is given of the relations between the permeability of a porous material and its structure.
Poiseuille's equation describes laminary flow through a cylinder with a radius R and a length L as
where AV/At is the volume flux per second, A is the surface area of the cross-section of the cylinder, AP is the pressure drop over the cylinder and rl is the viscosity of the permeant. The so-called Kozeny-Carman equation, which can be derived from eqn. (l), describes laminary flow through porous media
Here A is the external surface area of the porous medium exposed to the high (or low) pressure side of the permeant, L is the thickness of the porous medium, 0 is its volume fraction composed of pores and S, is the internal surface area of the porous medium, given per unit volume non-porous material. The product of ho and kc is defined as K, which is the so-called Kozeny-Carman constant. The numerical values of k,, and k, depend on the shape of the pores and on the tortuosity, respectively.
If the porous medium is composed of a regular packing of more or less isometrically shaped particles, then K is close to 5.0 [4] . A porous material can then be characterized (i.e., S, can be calculated) by performing permeability measurements. The alumina membranes, however, are composed of plate-shaped cry&Rites. Therefore higher values for the tortuosity factor k, can be expected and K is not known beforehand. To obtain information on the membrane structure nevertheless, permeability measurements were performed with a system of which S, is known. Then K can be calculated (see section 4.2) and because k,, is known for a given pore shape, k, can be obtained. This k, is then used to estimate the average lateral crystallite size (see section 4.3).
Materials and methods
To form alumina membranes with structures as studied before, a similar boehmite sol as used previously [ 1, 2] was used to prepare the membranes, i.e., a sol containing 0.07 mol HN03 per mol boehmite. The preparation of supported and non-supported membranes and the procedures by which the BET surface area and the porosity are determined have been described elsewhere {1,2].
The layer thickness of the membranes was determined after the permeability measurements, by breaking the supported membranes and placing them in an epoxy resin (Struers Scientific Instruments) in such a way that the flat membrane surface made a contact angle of 90" with the surface of the resin. After hardening of the resin, the sample was polished and the membrane thickness measured using a Jeol JSM 35 CF scanning electron microscope. The thickness values of different samples of one membrane differed less than 0.5 pm from one another.
The permeabihty measurements were -performed in a stirred dead-end pressure vessel (see Ref.
[l]). A thermocouple was inserted just above the membrane surface to determine the temperature. The following precautions were taken to prevent a strong influence of membrane fouling on the results. The water used was hyperfiltrated shortly before the permeation experiments. Furthermore, the membranes were saturated with the permeant before pressure was applied, to avoid non-stationary transient effects. This precaution makes the use of short permeation times possible. Also, the applied pressure drop was kept low (2 bar). During a single permeation experiment the flux decline was less than 5% of the initial flux. Any large flux decline or non-stationarity was detected by comparing the time between two subsequent drops of permeate before and after the permeation experiment. The amount of permeate was determined by weighing and volume fluxes were obtained by dividing this weight by the density of the permeant [ 53. To take into account viscosity differences when permeation results were compared, the volume flux was multiplied with the viscosity (section 4.1) or the corresponding volume flux at 20.0% was calculated (other sections).
To obtain some insight with respect to the regularity of the membrane structure, a non-supported membrane calcined at 500°C was ion-beam thinned sufficiently to make TEM experiments possible. The ion-beam thinning procedure is described elsewhere [6] . This TEM study was performed with a Jeol200 CT instrument. 
Results and discussion
The structural information obtained by permeability measurements depends strongly on the regularity of the structure investigated. The surface area calculated with eqn. (2) equals the geometrical surface area of the structure only when a regular structure is dealt with, i.e., a structure in which the pore size varies only little. In Fig. 1 a view parallel to the membrane surface as obtained by TEM is given. It appears that the structure of the membrane is indeed very regular and therefore the geometrical surface area and that obtained by permeability can in principle be used to calculate K (see section 4.2) .
The pretreatment of the support is an essential step for the preparation of alumina membranes without discontinuities. The support surface should be free from pinholes. This condition is a direct consequence of the formation mechanism of the membranes. The gel layer formed during dipping rests on the support surface due to the capillary suction of the support. If a relatively deep hole is present, the continuity of the gel layer can be disrupted, or the gel layer formed does not rest on the support surface. Such an anomaly will result in a crack or pinhole and consequently in a leak in the membrane. To prevent a strong influence of pinholes the supports were polished. The supports used for dipping contained less than 5 pinholes larger than 10 pm per 10 cm2 support surface.
The mechanical stability of an alumina membrane calcined at 500°C was determined by measuring the water flux while the pressure drop was stepwise increased from 2 to 50 bar (see Fig. 2 ). After that, the pressure drop was stepwise decreased from 50 to 2 bar. The results obtained with increasing pressure drop differ less than 5% from those with a decreasing pressure difference, in a non-systematic way. This proves that no irreversible changes have occurred at high pressure drops. The linear relation between volume flux and pressure difference ( Fig. 2) shows that no compaction of the membrane occurs when the pressure drop is in the range 2-50 bar.
The influence of the type of permeant and temperature on the permeability
The use of the Kozeny-Carman equation is permitted only if the permeant behaves according to its macroscopic properties. This is not necessarily the case in a system with narrow pores, i.e., when the size of the pores is of the same order of magnitude as the size of the permeant molecules.
Debije and Cleland [7] found that the volume flux for hydrocarbons permeating through Vycor glass with pores of 4 nm size shows an influence of the molecular size of the permeant for which cannot be accounted by the viscosity differences of the permeants. This clearly proves a behaviour deviating from the properties of bulk liquids, because the volume flux multiplied with the viscosity of the permeant should be a constant for a given membrane (see eqns. 1 and 2).
The purpose of this section is to determine whether deviations from macroscopic properties of liquids occur in the pores of alumina membranes and (if so) how severe these deviations are. To obtain some insight with respect to this point, both non-polar (hexane) and polar (water, ethanol, s-butanol) permeants were used. Ethanol and s-butanol have been chosen, in addition to water, in order to compare molecular size effects in alcohols (being molecules with a certain polar character). Hexane has been selected because it has a size not so different from s-butanol but is non-polar.
These permeability experiments were performed with one single membrane that was calcined at 500°C. Before another permeant was taken, the membrane was treated at 300% to clean the pore surface. The permeability results were corrected for the support, assuming that the hydraulic resistance (i.e., the reciprocal permeability) of the membrane itself is found by subtracting the hydraulic resistance of the support from the hydraulic resistance of the support-membrane combination. This assumption is valid as will be shown in section 4.2.
The viscosity of the permeants was determined as follows. For water its value given in the literature was taken [5] . The viscosity of any of the other permeants was determined by comparing its flux through a support with the flux of water through the same support. The pores of the support used are larger than 0.1 pm and therefore the liquids will behave according to their macroscopic properties. When the ratio of the water flux and the flux of the other permeant is multiplied with the viscosity of water, the viscosity of this permeant will then be found. The viscosity values of the permeants thus determined agree within 5% with the literature values for ethanol and hexane [5] ; no reliable literature value could be found for s-butanol.
The results in Table 1 show that the flux through the membrane multiplied by the viscosity (which is a measure for the permeability, K), decreases in the order water, hexane, ethanol, s-butanol. If we plot K vs. Q we find that a decrease of K with increasing 77 (in the order water, ethanol, s-butanol) is preceeded by a relative decrease of K (to the level of ethanol) for hexane (having the lowest value of 17). Without any complications the value of K should be independent of 9. Deviations from this behaviour have been reported already by Debije and Cleland [7] who found that the permeability for hydrocarbons through glass with pores of 4 nm size decreases with increasing molecular size while furthermore K decreases with 7. They explain their results by the concept of a slipping adsorbed layer of molecular thickness at the walls of the pores. The crucial parameter is the value of (X-6) where 6 is the thickness of the adsorbed layer (-chain length of molecule) and X = q/f (with f is the friction factor). Depending on the relative magnitude of h and 6 the value of (X-6) can be positive or negative.
Firm conclusions cannot be drawn because the model is rather complicated and involves many parameters while too few data are available. Some suggestions can be made, however. As shown below, water behaves quite normally (K independent of q). The relative large hexane and s-butanol molecules (6 values comparable) show a negative deviation which indicates a size effect of the permeant molecule provided adsorption takes place. The extent of the adsorption (and so interaction) is larger for s-butanol than for hexane while it is expected to be highest for ethanol. Nevertheless, the smaller ethanol has a higher K value which, within the model, again points to a size effect as the most important factor provided a certain adsorption has taken place.
Another deviation from the bulk properties of liquids in Vycor glass which is discussed in literature concerns the temperature dependence of the volume flux. The increase of the volume flux for water with increasing temperature is reported to be 1.1 to 1.2 times higher than can be accounted for by the decrease of the bulk viscosity [8, 9] . This phenomenon is attributed to the breakdown of structured water layers (i.e., "bound" water adjacent to the pore wall) with increasing temperature. Our results for alumina membranes are given in Table 1 . It appears that the macroscopic viscosity change takes the change of the flux with temperature completely into account. So the majority of the water behaves quite normal in this case. This does not mean, however, that all the water inside the membrane behaves like bulk water, because water which remains completely immobilised at the pore surface is not detected with permeability experiments.
Water was chosen as the permeant to characterize the porous structure because its deviation from bulk properties is the least of the four permeants investigated. If deviations from the bulk behaviour of water occur, they are most likely restricted to a monolayer adjacent to the pore surface. If thicker layers would be present, with a gradual change from "bound" water to bulk water, these layers would have been detected.
As shown in the first part of section 4.3, the decrease in flux as a result of a deviation of bulk properties of water is less than 30% for a membrane heated to 800°C.
The determination of the Kozeny-Carman
constant, K The permeability data of supported membranes have to be corrected for the support in order to obtain the permeability of the membrane itself. Here the question arises whether the hydraulic resistance of a supported membrane may be considered as the sum of the hydraulic resistances of the support and the membrane itself. Strathmann [lo] gives a quantitative description of the situation where a homogeneous non-porous polymer membrane rests on a porous substrate
L eff = B,L, +,l-w,2~[R~(~)' +L,z]1'2 +LJ
Here Leff and L, are the effective membrane thickness and the geometrical membrane thickness, respectively, 8, is the porosity of the support and R the radius of its pores. The hydraulic resistance of the membrane (with thickness L,) on the support equals the sum of the hydraulic resistances of the membrane with a thickness Leff and that of the support. Leff is higher than L, as a result of the non-porous part of the support, which causes an increase in the length of the average flow path through the membrane. A similar situation exists for supported alumina membranes, because the pores of the alumina membranes are much smaller than those of the support. It can be concluded from eqn. (3) that with the properties of the support (a modal pore size of 0.15 pm and a porosity of 45%), Leff is less than 1.001 times L, if the membrane thickness is larger than 1 pm. This condition is always fulfilled here and therefore no serious deviation from the "seriesresistance" model is found as a result of the misfit of pores. Another possible cause for deviation from the "series-resistance" model is linked with the preparation of the alumina membranes. The formation is essentially a cake-filtration process. Because cake-filtration is often pre-membrane thickness (pm) Fig. 3 . The hydraulic resistance of membranes (corrected for the supports) as a function of the membrane thickness. Open circles: membranes treated at 400°C. Closed circles: membranes treated at 500°C. Identical numbers refer to a single membrane which has subsequently been heated to 4OO"C, 500°C and 800°C (see also Fig. 4) . membrane thickness ( pm 1 Fig. 4 . The hydraulic resistance of membranes treated at 800°C (corrected for the supports) as a function of the membrane thickness. Identical numbers refer to a single membrane which has subsequently been heated to 4OO"C, 500°C (see Fig. 3 ) and 800°C.
ceeded by pore-clogging [l], it may be possible that the pores of the support adjacent to the membrane are filled with membrane material. To detect whether or not this phenomenon is present, a series of membranes with varying thickness were made. The permeability of all the supports used were determined in advance. Their permeability values show some variation and amount to 3.47 f 0.44 cm-bar-'-hr-I. These membranes were subsequently heated to 4OO"C, 500°C and 8OO"C, respectively, and the permeability was measured after each heat-treatment. The results given in Figs. 3 and 4 are corrected for the hydraulic resistance of the support, assuming a seriesresistance situation. The structure of the membranes is homogeneous [1] and therefore the results can be fitted with straight lines. When no extra hydraulic resistance is present, the lines should pass through the origin. Applying a least squares analysis fit with Y = A + BX, gives the straight lines in Figs. 3 and 4 . By extrapolating the lines to the point where they cut the X-axis, a membrane thickness of only 0.2 + 0.2 pm is found from the average of the three lines. Therefore the conclusion can be drawn that no extra hydraulic resistance due to membrane material inside the pores of the support is present.
In principle the results of Figs. 3 and 4 can be used to calculate kok, (= K) with eqn. (2), when 0 and S, are known. It has been shown [2] that the modal pore size of non-supported and supported alumina membranes is exactly the same, while the porosities are roughly the same. To determine 8 more accurately for supported membranes, some membranes were prepared by dipping supports into boehmite sols for a relatively long time. These thick gel layers peel off the support during drying. In this way, membranes without support can be obtained, making an accurate characterization possible. It appeared that the porosity of the material prepared in this special way differs less than 1% from that of the non-supported membranes. The characteristics of supported and non-supported membranes are therefore the same. The data for non-supported membranes are used further on, because they can be obtained much easier.
It is known that the surface area determined from gas adsorption (the BET surface area) may differ considerably from the geometrical surface area when pores smaller than 1 nm are present Ill]. An elegant way to establish whether or not deviations occur is the so-called t-plot method. This method makes use of the thickness, t, of the adsorbed layer of NZ gas molecules on non-porous material of the same chemical substance as a function of the relative vapour pressure [ll] . By plotting the amount of gas adsorbed on an unknown sample as a function of t a straight line through the origin should be found if the influence of this class of small pores is absent. We have used the adsorption data of non-porous aluminas reported by Lippens et al. [ 121 to obtain the relation between t and the relative vapour pressure. They give adsorption data only for relative vapour pressures higher than 0.08, to avoid the influence of adsorption sites with avery high adsorption enthalpy. The t-plots for the non-supported membranes calcined at 4OO"C, 500°C and 8OO*C are given in Fig. 5 . It appears that the extrapolated part of the plot for the sample heated to 8OO'C passes through the origin. Such an extrapolation can also be made for the samples calcined at 400°C and 5OO"C, but then only 3 or 4 points remain close to the lines drawn. The uncertainty in these cases is too large to be confident about the absence of very small pores.
Using the properties of the alumina membranes treated at 800°C given in Table 2 and Fig. 4 and taking 3.7 g-cme3 as the true density of the alumina [13] , the value of X can now be calculated and yields K = 13.3 + 2.
It is interesting to note that the hydraulic resistance of the boehmite gel layers determined previously [l] was 1.9-4.5 times higher than could be accounted for when K was put at 5. This can be formulated in a different way as: the KozenySarman constant K found for the boehmite gel layers is 9-23. The similar K value for the boehmite gel layers and the alumina membranes further supports previous statements that the structures are strongly related [2] . The structure of the boehmite gel layer is strongly related to that of the membrane calcined at 4OO"C, and sintering to 800°C leaves the structure roughly unaffected because only surface diffusion takes To explain this high value, the following factors should be considered:
(1) A high value for the tortuosity constant, lz,, as a result of the plate shape of the crystallites. (2) A deviation from the bulk behaviour of the permeant.
(3) The electroviscous effect, resulting from charged pore walls inside the membrane. The deviation from bulk properties of the per-meant, if present, is likely to be restricted to a monolayer adjacent to the solid surface (cf. section 4.1). If the effective porosity of the 800°C membrane (with a surface area of 166 m2-gm1) is reduced as a result of a monolayer of immobilised water on the pore wall with a thickness of 0.27 nm [14] , the flux diminishes about 30%, as can be calculated from eqn. (2) . As has been discussed elsewhere [l], the electroviscous effect reduces the flow by less than 30%. When both points 2 and 3 are combined such that their maximum effect is achieved, a value of about 12 will result for K. This situation is not very likely, however, and it is therefore more probable that point 1 exerts the main influence. A completely geometrical interpretation of K will now be given.
The qualitative statement that relatively large and thin plates which are packed in a regular structure will cause a highly tortuous path of flow and therefore lead to a high value for Bt is quite obvious. It is much more difficult to make quantitative statements on this point. Coulson [ 151 has performed permeation experiments with packings of plates with a welldefined size. He found that K increases with increasing porosity of the packing. At a given porosity, the K value for plates with a length to thickness ratio of 7 to 1 was higher than K for plates with a 4 to 1 ratio. The highest value for K he determined amounts to 5.8 for packings with 7 to 1 plates and a porosity of 53%. The porosity of the alumina membranes is close to 53% (see Table 2 ) and therefore the particle packing might be closely related as well. Now this result of Coulson and the K value for the alumina membranes are used to estimate the average lateral size of the alumina crystallites as follows. An imaginary overall shrinkage of Coulson's structure is performed, until the lateral size of these plates is the same as that of the alumina crystallites in the membrane (step 1 below). The average flow path through this packing of plates is divided into a part on the surface of the large planes of the plates (with a length Lp) and a part perpendicular to these planes, with a length L,. 1) (step 2) and both L, and L,(l) are expressed in the same (arbitrary) units (step 3). Then the plate thickness of this structure is diminished only by an imaginary one-dimensional shrinkage, until the actual structure of the alumina membranes is obtained (step 4). Subsequently L, (2) of this structure is expressed in the same arbitrary units, and by comparing L,(2) with L,(l) the length to thickness ratio of these plates is found (step 5). Because the thickness of the crystallites is known from previous work, an average lateral size for the crystallites can be calculated (step 6).
In detail the steps are as follows:
(1)
When the packing of Coulson's plates is completely diminished in size so that the lateral size of the plates equals the average lateral size of the alumina crystallites, then K will still be 5.8. This can be comprehended by realizing that K is only determined by the shape of the pores (&) and
the tortuosity (k,). The flow path through this system can be described by defining a single "standard flow step", which consists of a part with a length L, on the plate towards the edge of the plate and a part with a length L, from the edge downwards to the surface of another plate (see Fig. 6A ). The macroscopic direction of flow is assumed to proceed in downward direc- tion, perpendicular to the large planes of the plates. This "standard flow step" should be considered as the average of all flow paths over a depth L, through the porous system.
(3) The tortuosity factor k, is equal to (L,/L)2 [4] , where L, is the average length of the microscopic flow path and L is the thickness of the porous system (i.e., the macroscopic length of the flow path). Because K equals 5.8 and FzO is about 2.3 [4] , k, amounts to 2.5 and therefore L,/L = 1.6. Furthermore the following relationship holds: L,/L = (Lp + L,(l))/L,(l). So by putting L,(l) at one unit (and thereby putting the lateral size of the plates at 7 units), a value of 0.6 units for L, is found. Now the size of this structure of plates is diminished only in the vertical direction. Then the thickness of the plates and the slit width will diminish, but the porosity and the arrangement of the plates with respect to one another will remain the same and therefore L, will be the same (see Fig. 6b ). At a certain stage of this process of one-dimensional shrinkage, the thickness of the plates will be the same as the average thickness of the alumina plates. The structure thus obtained is supposed to be the same as that of the alumina membrane heated to 800°C.
Because the structures are supposed to be the same, K should be 13.3 for both systems. Because k,, is about 2.6 here [4] , k, is 5.3 and therefore LJL = 2.3. L, is not affected by the one-dimensional shrinkage and is still 0.6. Now LJL equals (0.6 + L,(2))/L, (2) and therefore L,(2) is 0,46 units here. The lateral size of the plates is still 7 units and the length to thickness ratio is therefore 15 to 1. It has been shown that the structure of the alumina membranes corresponds reasonably well with that of the boehmite gel layers. The thickness of the boehmite crystallites is about 2.5 nm [2] and a length to thickness ratio of 15 to 1 gives a lateral crystallite size of 38 nm. The lateral size of the boehmite crystallites observed by TEM varies between 5 and 100 nm, with most crystallites between 20 and 30 nm [2] . It can be concluded that the estimated average crystallite size of about 40 nm corresponds reasonably with that previously observed by TEM. Summarizing the discussion given above, it appears that geometrical factors alone can completely account for the high value of the Kozeny-Carman constant K.
Conclusions
The alumina membranes investigated are mechanically stable up to 50 bar at least; no irreversible changes or compaction of the membranes takes place with pressure drops ranging from 2 to 50 bar. The permeability of alumina membranes with a pore size of 3 nm depends on the type of permeant used. For the permeants investigated, the permeability corrected for viscosity differences decreases in the order: water, hexane, ethanol, s-butanol. The permeability for s-butanol is 40% lower than that for water.
(3) The permeability for water as a function of temperature is in complete agreement with the change of the macroscopic viscosity of water. The deviation from the bulk behaviour of the permeating water, if present, will therefore be restricted to a monolayer adjacent to the pore wall. (4) From the relation between the flux and the.membrane thickness it can be concluded that supported alumina membranes can be considered as films resting completely on the surface of the support and not penetrating the pores of the support significantly. (5) The Kozeny-Carman constant calculated for membranes sintered at 8OO'C is 13.3 f 2. This value corresponds with that measured previously for wet boehmite gel layers. It is considerably higher than the commonly found value of 5. (6) This high value can be explained by the card-pack structure of plateshaped crystal&es proposed before. A length to thickness ratio of 15 to 1 is necessary to obtain a K value of 13.3. For the boehmite crystallites this gives a lateral size of about 40 nm. This value roughly agrees with that obtained before by TEM measurements.
